Although major breakthroughs have been achieved during the last decades in the use of GPS technology on Structural Health Monitoring, the mitigation of the biases and errors impeding its positioning accuracy remains a challenge. This paper tests an alternative approach that can increase the reliability of the GPS system in structural monitoring by using the spectral content of the signal-to-noise ratio (SNR) of GPS signals to detect frequencies of antenna vibrations. This approach suggests the potential of using SNR data analysis as a supplement to low-quality positioning solution or as a near real-time alert of excessive vibration proceeding the position solution calculation. Experiments, involving a GPS antenna subjected to vertical vibrations of 0.4-cm to 4.5-cm amplitude at a range of frequencies between 0.007 Hz and 1 Hz, examine the dynamic multipath induced SNR response corresponding to the antenna motion. Synchronised fluctuations in the SNR time series were observed to reflect the antenna motion and their spectral content to include the frequencies of motion. SNR records from the GPS monitoring of the Wilford suspension bridge were used to validate the SNR sensitivity to controlled vibrations of the bridge deck. The natural frequency of 1.64 Hz was extracted from SNR measurements using spectral analysis on a 6-mm amplitude vibration, and the frequency of the semi-static displacement (∼ 0.02 Hz) was revealed in the SNR records permitting, after appropriate filtering, the estimation of a few millimetre semi-static displacement from the GPS time series without the need for any other sensor.
INTRODUCTION
In the last decade the potential for using the Global Positioning System (GPS) in Structural Health Monitoring (SHM) has been revealed through experimental studies, which proved its ability in monitoring oscillations of sub-cm level displacement and high-rate frequencies [1, 2, 3, 4, 5, 6] , and applications to real monitoring of bridges [7, 4, 8] and buildings or towers [9, 10, 11] , where the GPS monitoring was successfully used to estimate the main characteristics of the structures response. Furthermore, the recent rapid developments in the GPS system, such as 100 Hz high-rate 3 Although multipath interference is generally one of the greatest GPS error sources, it can be used favourably in GPS/GNSS monitoring applications. In recent years, GNSS-reflectometry introduced a new approach using the multipath effect for remote sensing. More specifically, the multipath-induced oscillations on the signal-to-noise ratio (SNR) of the GPS signals have been used to map the multipath environment surrounding the geodetic antenna [25] , retrieve soil moisture [26, 27] , monitor vegetation growth [28] and estimate sea and snow level variations [29, 30] . These applications are based on the SNR sensitivity to carrier phase multipath. More specifically, while the direct signal reception remains constant, the characteristics of the multipath component of SNR (amplitude, phase, frequency) change according to the relative distance between the antenna and the reflecting object (e.g. the ground, the sea or the snow surface). In these cases, the antenna height is kept stable, and any oscillatory pattern on the SNR reflects the changes in phase of the reflected signals relative to the direct signal, induced by ground, sea or snow level variations. These fluctuations are temporally synchronised with the changes in satellite elevation angle as each satellite moves along its orbit.
In the current study, the above principle of GPS-reflectometry is adapted to GPS structural monitoring applications, by reversing the given conditions and parameters (variable satellite elevation angle and reflecting objects, fixed GPS antenna etc.) and analysing the SNR variations in GPS satellite signals caused by multipath interference to detect frequencies of motion of structures. More specifically, for the instance of a GPS antenna which is vertically excited for a short time period of observations (i.e. ∼ 1 min), while the satellite elevation angle and the multipath environment are assumed stable, the carrier phase error variations, reflected in the SNR, are only due to the vibration of the GPS antenna. Thus, the analysis of the SNR should express the changes in the carrier phase multipath interference driven by the antenna motion, since the rest of the parameters (i.e. the satellites, the reflecting objects, etc.) remain unchanged.
The current study is based on reviewing the theoretical relationship between SNR of the satellite signal and carrier phase multipath, focusing on the vibration-generated dynamic multipath effect for kinematic applications, which differs from the dynamic multipath caused by moving reflectors around the GPS antenna [24] . To examine the reliability of the proposed concept of using SNR of the satellite signal to detect motion of the GPS antenna, a series of experiments were carried out, where a GPS antenna was subjected to forced vertical oscillations of various amplitudes and frequencies (high-and low-frequencies). The SNR time series of the satellites were analysed, aiming to detect correlation with the motion of the GPS antenna and determine its frequency of motion for various amplitude and frequencies of excitation. Finally, the SNR data collected from the GPS monitoring of the Wilford Bridge, a well-monitored pedestrian suspension bridge [7, 31, 32] , were used to test the utility of SNR in identifying the natural frequency of the bridge and the semi-static displacement in two excitation events.
SIGNAL-TO-NOISE RATIO AND CARRIER PHASE MULTIPATH
The multipath effect remains a dominant error source in GPS kinematic and structural monitoring applications. Multipath errors occur when the direct signals from the satellites interfere with those reflected from objects in the vicinity of the antenna. In the case of carrier phase multipath, the 4 I. PEPPA, P. A. PSIMOULIS, X. MENG reflected signals introduce a phase shift to the received signal caused by the additional path they cover to reach the antenna. For ground reflections, the path delay (δ) of the reflected signal is related to the height (H) of the antenna and the satellite elevation angle (θ), through the geometric relations shown in Figure 1 , and expressed through the following relationship:
When the antenna oscillates vertically (Figure 2) , the reflection point, also, oscillates with the same frequency across the reflecting surface, e.g. the ground. Assuming the satellite elevation angle fixed for a short period of time, according to equation 2, the change in the path length of the reflected signal is only driven by the change of the antenna height (∆H):
The signal-to-noise ratio (SNR) is a measure of the signal power relative to the noise power and it is given by the receivers for each frequency channel. For GPS, a separate SNR observable is estimated for the L1, L2 and L5 frequency channels. There is an extended literature on the relationship between SNR and carrier phase multipath [33, 34] , which can also be applied to a vertically moving GPS antenna. The direct, multipath and composite signals can be represented in the form of phasors in the Phase Lock Loop (Figure 3) , where the incoming signal is aligned with the receiver-generated replica in the in-phase (I) and quadrature-phase (Q) channels. For a single reflection of the satellite signal, a phasor of amplitude A m is added to the direct signal of amplitude A d . The composite signal, whose amplitude (A c ) is measured by the SNR observable, can be expressed by using the cosine rule as:
where ψ is the multipath relative phase, i.e. the phase of the multipath signal relative to the direct, which is directly related to the path delay (see equation 1) of the reflected signal as follows [35] :
where λ is the wavelength of the signal (e.g. 19.05 cm for GPS L1 frequency).
In the phasor diagram, the dynamic multipath effect caused by the vertical oscillation of the antenna is represented by the rotation of the multipath phasor according to the antenna motion. At the same time, the phase of the direct signal (φ d ) changes as the antenna oscillates. The resulted amplitude variations of the composite signal are expected to introduce an oscillatory pattern in the SNR measurements.
This means that in cases of a single flat reflecting surface (e.g. ground, sea etc.) below the antenna, the frequency content of the SNR data can provide information on the frequency of the motion. Then, concentrating on a frequency band of interest, the SNR measurements can be used to detect intervals of antenna motion within the specific frequency band. 
Instrumentation and description of experiments
The experiments were carried out on the roof of the Nottingham Geospatial Building located at the University of Nottingham (Figure 4) . A GPS antenna was mounted on a heavy-duty tripod, where the height was adjustable using a manually rotating handle. A full clockwise turn of the handle was measured to move down the antenna by 1.5 cm. A GPS station consisted of a Leica GS10 receiver recording at 10 Hz and an AR10 antenna installed on the tripod, while an identical GPS station was set up on a concrete pillar 30 m away, functioning as the base station for the double differences.
Additionally, a Robotic Total Station (RTS) with a sampling rate capacity of 10 Hz was recording the motion, using a 360
• prism mounted on the tripod below the GPS antenna. The RTS was recording in GPS time thanks to the integrated GPS station with the RTS (Leica Viva SmartStation). RTS has been used in several structural monitoring applications [36, 37, 38, 39] and has been proved to perform well on monitoring low-frequency motions and small-amplitude displacements. However, because of the non-constant sampling rate, it is susceptible to loss of cycles of highfrequency oscillations [40] . For this reason, RTS was used supplementarily in this study to estimate the frequency and amplitude of low-frequency oscillations.
A series of excitations were executed, simulating oscillation-pattern motions and semi-static pattern motions, which are the main types of response of civil engineering structures [14, 41] . The GPS antenna was subjected to various amplitudes and frequencies of vertical motion, ranging between 0.4 to 4.5 cm and 0.007 to 1 Hz, respectively, depending on the type of the excitation. The oscillation-type excitations were of relatively high frequency, reaching up to 1 Hz, while the semistatic type excitations were of a very low frequency (< 0.1 Hz; Table I ), produced by manually rotating the tripod handle. Frequencies of motion greater that 1 Hz could not be achieved due to the stiffness of the tripod handle. The aim was to examine the performance and sensitivity of SNR time series in detecting different excitations. The duration of each excitation was 1-2 min and the antenna was kept stable in the upper position (1.60 m above the ground) in equivalent intervals before and after each excitation. A metronome was used to control the pace of the handle rotation by synchronising it with the standard tempo of the metronome, so as to produce a clearly defined frequency of motion.
Preliminary processing
The GPS records were processed in the RTKLIB software using double differences and a cut-off angle of 10
• to fix the ambiguities of both L1/L2 frequencies. The kinematic solution consisted of North, East and vertical component time series of the baseline vector. In this study, we focused only on the vertical component assuming, since there was no horizontal motion, that the North and East components expressed only noise. The SNR data of the GPS records used in the analysis derived from the S1 observable recorded in the RINEX file. Only the SNR in the L1 C/A channel was used, as it appeared to provide a more consistent signal strength than L2 and L5 frequencies [27] . The raw SNR data were, firstly, converted from dB-Hz to a linear unit, i.e. voltage (V), so as to express SNR, since it is a measure of 6 I. PEPPA, P. A. PSIMOULIS, X. MENG the amplitude of the received composite signal (direct signal + multipath reflections), in amplitude units [25] .
After the unit conversion, the derived SNR time series have a dominant trend of parabolic pattern, expressing the change of the direct signal component of SNR due to the motion of the satellite along its orbit [34] . The dominant trend was removed by subtracting a third degree polynomial [25] from the SNR time series (Figure 5a ). The residual de-trended SNR time series express the variation due to multipath and antenna motion (Figure 5b ).
Oscillation-type excitations
The SNR time series of several satellites recorded during the oscillation-type excitations ( 0.1 Hz) were observed to reflect oscillation patterns of similar frequency to the vertical oscillations imposed on the GPS antenna. Figure 6 presents the SNR de-trended time series for PRN 10 in various examples of antenna motion, where the oscillation pattern of the excitation is visible also in the de-trended SNR time series. The spectral analysis of the SNR de-trended time series in the interval corresponding to the excitation period clearly revealed peaks corresponding to the frequency of the vertical excitations ( Figure 7 ). High-frequency peaks near zero are attributed to "corner effects" [42, 43] . The 95% confidence level serves as a comparison measure for the significance of the results in different frequencies of motion. It can be seen that the SNR sensitivity to motion is more prominent in the 0.33 Hz and 0.2 Hz frequencies of motion rather than the higher (1 Hz) and lower (0.1 Hz) frequencies.
To examine more thoroughly the SNR sensitivity to antenna vibrations, the SNR time series were filtered using an eighth-order Chebyshev I band-pass filter for the frequency bands of the motion. The filter was designed in MATLAB with a 1 dB pass-band ripple and data sampling rate at 10 Hz, compatible with the sampling rate of the GPS measurements. Four different frequency bands were used (0.8-1.2 Hz, 0.3-0.36 Hz, 0.19-0.21 Hz and 0.08-0.12 Hz) to isolate the main frequencies of the excitations, i.e. 1 Hz, 0.33 Hz, 0.2 Hz and 0.1 Hz, respectively [13] . The limits of the frequency bands and the value of the pass-band ripple were selected after several trials to be optimal for the effective filtering of the time series, without distorting the time series, and to cover the range of the frequencies of the excitation ( Figure 7 ). This technique is quite common in the GPS monitoring of structures, where the GPS time series are filtered for the modal frequencies of the structures to estimate the amplitude of the response [44] .
Additionally, SNR time series of the GPS record of the following day, when the GPS antenna was stable, were used to define the noise level of the SNR time series. More specifically, the GPS measurements were recorded for the same satellite constellation, so that the satellites would be in the same location as during the experiments. The SNR time series were de-trended and band-pass filtered, following the same procedure as in the case of the SNR time series recorded during the experiments. In this way, the noise content of the SNR time series of the following day remains consistent with that in the time period of the experiments. From the analysis of the SNR noise time series, it is clear that the noise level is not constant, temporally fluctuating around the amplitude of 1 V. These fluctuations are due to potential interference with the satellite signal, which dynamically changes, and multipath effect variations resulting from gradual changes in satellitereceiver geometry [25] . Generally, the band-pass filtered SNR time series exhibited larger amplitude oscillations than the noise level in the intervals of vertical antenna vibrations, with the SNR amplitude oscillations appearing to be clearer in excitations of higher velocity. As anticipated, the sensitivity of the SNR time series in the antenna motion seemed to depend also on the position of the satellite in the time period of the excitation.
Semi-static type excitations
The semi-static excitations, which were expressed as low-frequency (< 0.1 Hz) step-pattern motions, are not easily distinguished in the raw SNR time series, since the SNR of the satellite signal is more susceptible to low-frequency noise, having a similar pattern to that caused by motion. However, in the executed experiments, there were identified cases where the vertical motion of the GPS antenna was reflected in the raw SNR time series. More specifically, Figure 9 presents the GPS and RTS displacement time series of four semi-static type excitations (i.e. excitations 11-14 in Table  I ) and the corresponding raw SNR time series of satellites PRN 27, PRN 22 and PRN 01. It is clear that the raw SNR time series of PRN 22 reflect the third (b) and fourth (c) excitation, while the raw SNR time series of PRN 01 and PRN 27 reflect the first (a) and fourth (c) excitation, respectively. The trend of the SNR time series, which for the cases of PRN 27 and PRN 01 is reversed to the trend of the antenna height variations, is due to the specific satellite-antenna-reflector geometry causing the multipath effect. Furthermore, the spectral analysis of the SNR time series revealed the main 8 I. PEPPA, P. A. PSIMOULIS, X. MENG frequency of the semi-static displacement, which was also verified by the spectral analysis of the GPS and RTS displacement time series (Figure 10 ). The small differences among the peaks of the SNR spectra are due to the distinct SNR resolution of each satellite signal leading to a slightly different SNR response to motion.
Linear correlation analysis between GPS displacement and SNR time series
To evaluate the reliability of raw SNR time series in reflecting the excitation intervals, a linear correlation analysis between the raw SNR time series and the GPS displacement time series was made. This analysis could reinforce the use of SNR time series in real GPS structural monitoring applications, where the displacement is not always clear in the GPS time series [20] . Using a moving window the linear correlation coefficients were computed between the SNR time series and the GPS position solution. The moving window width and overlap should be, generally, adjusted according to the sampling rate and frequency content of the GPS signal. Thus, a rough a priori knowledge of the expected frequencies of motion is required. However, in real-time applications and with the current computer power, running several linear correlation analyses for different frequencies is not an issue. In the current experiments, the width of the window was set to 10 s with an overlap of 8 s. Large (absolute) R values indicate a high correlation between the SNR and the displacement time series segments within the moving window. Figure 11 shows the linear correlation coefficient time series for PRN 10 and PRN 27. Positive and negative peaks of the R value (R > 0.6) were observed in most of the motion intervals indicating a good performance of the SNR time series in reflecting the excitations. The sign of the R value in the motion intervals seems to change randomly in accordance with the random alternation of the multipath relative phase and, consequently, the amplitude of the composite signal, as explained in section 2 and visually observed in Figure 9 . The capability of the SNR of a satellite signal in reflecting the excitation depends on the satellite position and the reflecting surface causing multipath, which change with time.
MONITORING OF WILFORD BRIDGE
The Wilford suspension Bridge is a pedestrian bridge with a steel deck covered with wooden slabs and supported by two main cables and two masonry riverside anchorages. It was constructed in 1904 with a span of 68.5 m length and 3.6 m width. There have been many studies on the GPS monitoring of Wilford Bridge estimating the main modal frequency to be about 1.68 -1.74 Hz [7, 31, 32] . Even though in some studies the amplitude of the dynamic displacement was estimated to be of cm-level by filtering out the long-period noise from the GPS time series [7] , it was not possible to estimate potential semi-static displacement, due to the dominant long-period noise.
For the monitoring of the Wilford bridge, three GPS receivers and two RTS were used ( Figure  12 ). The two GPS antennae were mounted with two 360
• reflectors on top of the handrails at the two sides of the mid-span and a third GPS antenna was set about 100 m away from the bridge, used as the reference GPS station for the double-difference solution. Each GPS station consisted of a Leica antenna AS10 and receiver GS10, recording at 10 Hz. The RTS were Leica TS30 and TS50, with a capacity of the sampling rate up to 10 Hz, recording in GPS time (Leica Viva SmartStation).
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The GPS records were processed using the RTKLIB software and the double-difference solution in kinematic mode. The cut-off angle of 10 • was used in order to include all visible satellites, which were six during the experiments. The GPS time series, obtained from the post-processing, consisted of North, East and vertical components. Finally, the GPS and RTS displacement time series were converted to a common coordinate system, expressing the displacement of the bridge along, laterally and vertically to its main axis. Only the analysis of data from the north rover are presented here, however the results are similar on both rovers. The bridge was excited by a group of 15 people producing 13 excitations, of four different types (walking, jumping, swaying, marching). Figure 13 presents the GPS and RTS vertical displacement time series for the duration of the measurements, where it is clear that the GPS time series is contaminated by significant low-and high-frequency noise, due to signal obstructions (e.g. by the cables) and multipath, masking the response of the bridge during the excitations, while the RTS displacement time series were more precise containing a low-noise level and providing a clearer view of the deck deflection for the different excitations. However, by filtering the GPS time series using a high-pass filter at 0.1 Hz, the long-period noise is removed, making possible the detection of the vertical response of the bridge, during the strong excitations (e.g. jumping, marching).
In this case study, it is shown how the SNR time series of the satellite signals can be used to detect the response of the bridge deck and estimate the corresponding frequency of motion. More specifically, the representative cases of marching (10th) and walking (3rd) excitations are presented, where the SNR time series are analysed and their estimated frequencies are compared with those of the GPS and RTS displacement time series.
Marching excitation
The GPS and RTS displacement time series were filtered using a high-pass and a low-pass Type I Chebyshev filter at 0.1 Hz and decomposed to short-period and long-period components, expressing potentially the dynamic and semi-static displacement of the bridge, respectively (Figure 14) . From the analysis of the RTS short-period component the dynamic displacement of the bridge is clearly visible, reaching up to ± 6 mm, with the noise level being ± 1 mm (Figure 14c ), while the RTS longperiod component expresses the semi-static displacement of the bridge, which reaches up to 2.2 mm during the excitation period (Figure 14d) . From the analysis of the GPS short-period component, the dynamic displacement of the bridge is evident during the excitation, in spite of the relatively high noise level (i.e. ± 3 mm). Finally, the spectral analysis of the initial GPS and RTS displacement time series corresponding to the marching excitation interval revealed a dominant peak at 1.64 Hz, which is the natural frequency of the bridge (Figure 15a) .
The spectral analysis of the SNR time series of PRN 18, PRN 24 and PRN 28 satellites, corresponding to the time interval of the excitation, also clearly revealed the peak of 1.64 Hz, which was not observed in the spectral analysis of the SNR time series for short periods (i.e. ∼ 1 min) before and after the excitation, proving that the SNR time series reflected the response of the bridge in the frequency domain rather than the frequencies of multipath noise (Figure 15b and  c) . The amplitude of the dynamic displacement of the bridge during the marching excitation was in the range of ± 6 mm (Figure 14a and c) , showing that the SNR records can reflect small-amplitude high-frequency vibrations, which are common in bridge engineering [4] . Regarding the semi-static displacement of the bridge deck, the RTS spectrum of the initial displacement time series revealed a peak at 0.018 Hz (Figure 16a) , which is the frequency of the semi-static displacement time series shown in Figure 14d . The GPS spectrum of the initial displacement time series did not appear to have this frequency, but the SNR spectra of PRN 15, PRN 17, PRN 18 and PRN 24 showed a peak at 0.018 Hz (Figure 16b ). Likewise to the case of the dynamic displacement, the frequency of the semi-static displacement was not observed in the SNR spectra of the satellites in the intervals before and after the excitation (Figure 16c) .
The fact that the frequency of the semi-static displacement appeared in the spectra of the SNR time series, means that the corresponding displacement is contained in the GPS time series, masked though by long-period noise. This noise can be seen in the time series resulted from the low-pass filtering (frequencies below 0.1 Hz) of the initial GPS displacement time series. Thus, based on the frequency detected in the SNR time series spectra, the initial GPS time series can be filtered accordingly to reveal the semi-static displacement, without the need of any supplementary sensors (i.e. RTS, etc.). In the current case, a low-pass filter was applied to the GPS initial displacement time series with a cut-off frequency of 0.03 Hz, and the GPS semi-static displacement was extracted, which appeared to have a 2 mm amplitude, similar to the amplitude of the likewise filtered semistatic displacement derived from the RTS time series (Figure 14b and d) . As expected, the spectrum of the GPS low-pass filtered displacement time series exhibited a significant peak at 0.018 Hz (Figure 16a) , which is the predefined frequency of semi-static displacement (Figure 16b ).
Walking excitation
The GPS and RTS initial displacement time series were high-pass and low-pass filtered similarly to the case of the marching excitation, so as to separate the short-and long-period components in the walking excitation interval. As can be seen in Figure 17a and c, the short-period component of the GPS signal has a similar amplitude (i.e. ∼ 4 mm) before, during and after the excitation, whereas the short-component of the RTS time series exhibits an oscillation slightly stronger (i.e. ± 1 mm) during the excitation. This means that the displacement of the bridge deck was not large enough to exceed the noise level of the GPS and hardly exceeded the relatively lower noise level of RTS. The long-period component of the RTS displacement time series exhibited a displacement of around 2.1 mm (Figure 17d) .
Regarding the semi-static displacement of the bridge, the spectrum of the RTS initial displacement time series in the excitation interval peaked at 0.027 Hz (Figure 18a) , which is the frequency of the RTS-derived semi-static displacement time series shown in Figure 17d . The GPS spectrum of the initial displacement time series did not have a clear peak at this frequency, whereas, the SNR spectra of PRN 15, PRN 18, PRN 24 and PRN 28 satellites peaked at the frequency of 0.027 Hz ( Figure  18b) . It, also, seems that the same frequency is not present in the SNR spectra of the satellites in the intervals before and after the excitation (Figure 18c) .
The fact that the SNR spectra contained the frequency of the semi-static displacement indicates the possible presence of the semi-static displacement masked from noise in the GPS time series. Thus, following the methodology of the marching excitation for the walking excitation, the GPS initial displacement time series were low-pass filtered with a cut-off frequency of 0.04 Hz, resulting 11 to the GPS-derived semi-static displacement time series (Figure 17b ). The amplitude of the GPSderived semi-static displacement (3.3 mm) seems to be larger than that of the RTS-derived semistatic displacement (2.1 mm) indicating a slight distortion of the real displacement (i.e. ∼ 1 mm) potentially due to heavy low-frequency noise embedded in the GPS signal. The spectrum, though, of the GPS low-pass filtered displacement time series peaked at 0.027 Hz (Figure 18a) , which is the predefined frequency of semi-static displacement (Figure 18b ).
CONCLUSIONS
In this study, a new approach on the utility of the signal-to-noise ratio of GPS signals was proposed for GPS structural monitoring applications, focusing on the retrieval of frequencies of motion and the detection of excitation intervals. Based on experiments of vertical antenna vibrations it was shown that SNR measurements can be sensitive to antenna motion of a few millimetre level at a wide range of frequencies. Additionally, the real bridge monitoring application showed the potential of the SNR of the GPS signal to reflect high-and low-frequencies of motion in the more complex situation of a real structural response.
These promising results suggest the potential of using SNR data as a supplement to detect motion and frequencies of motion in cases of low-quality positioning solution (e.g. on heavy multipath environments or blocked satellite signals) or when there are inadequate visible satellites to provide a position solution. The main advantages of the proposed method in comparison with previous conducted studies for the mitigation of multipath effects are that (i) there is no need for additional sensors and (ii) there is no filtering which could result in the removal of signal corresponding to real structural response. On the contrary, based on this approach the impact of multipath on SNR can be used to detect potential slow (semi-static) response of the structure. Additionally, this approach is not limited to the use of GPS signals only as it can be applied in all GNSS satellites signals (i.e. GLONASS, BeiDou, etc.). It could, also, be conjointly used with other methods in structural or earthquake monitoring applications (e.g. [45, 46] ) so as to define the appropriate satellites for the double-difference residual computations. Finally, considering that the SNR variations rather than the absolute values are of interest, any ionospheric/tropospheric effects on the satellite signal are cancelled out and the redistribution of the multipath error, which is inherent in the position solution computation and residuals, is, here, avoided.
However, future study is needed to determine the factors influencing the SNR sensitivity to motion and possible strategies to analyse the SNR signal of all the visible satellites using various constellations and combining their spectral information. Further investigation is, also, needed on the potential of using SNR records to extract displacements or amplitudes of antenna oscillations. 
